Introduction
Past sediment transport research has focused primarily on steady flows. However, a number of important sediment transport problems occur in unsteady flows. Examples include sediment transport by boat wakes, waves, and flow surges. For steady flows, entrainment rate relations are available for predicting the upward flux of sediment from a mobile bed, but as flow unsteadiness increases, the reliability of such relations becomes doubtful. Since many natural and man-made flows are unsteady, it is important to determine the applicability of existing relations to unsteady flows and, if necessary, to develop an entrainment relation that can be used in unsteady flows. If a new relation is necessary, it should also be applicable to the more specific case of steady flows.
The main motivation of the research presented herein is to improve estimates of the amount of sediment entrained by barge tows. Bed sediment entrained by tows can be deposited in fragile wetlands or in areas that already require extensive dredging, and in some locations bed sediment contains contaminants, the release of which degrades water quality. Experiments presented herein are meant to simulate wakes and are not periodic, but a review of periodic flow research suggests that the two types of flows have similar characteristics. Results of the experiments relate sediment entrainment to unsteady bed shear stresses and provide insight into the behavior of sediment in a variety of periodic and nonperiodic unsteady flows.
Background
For calculating suspended sediment concentration profiles, a near-bed boundary condition is required. In steady, uniform [1994] . Gamfa and Parker [1991] provided a detailed analysis of most of these relations using an extensive set of laborato• and field measurements; they determined that of all the relations those of Smith and McLean [1977] , van Rijn [1984] , and Garcfa and Parker [1991] performed the best.
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• added advantage of the Garcia-Parker relation is that it is easily applied to unsteady flows [Admiraal, 1999] . The phase lag of the turbulence properties increases with distance from the wall. In unsteady flows a phase lag be•een the wall shear stress and entrainment can also be expected since turbulent events are responsible for entrainment. Ehsting entrainment relations may need to be modified to account for the lag. Most sediment can react to relatively rapid turbulent bursts, and the response time of sediment does not appear to be responsible for phase lags be•een the wall shear stress and entrainment. It is more likely that delays in the production and propagation of turbulence cause delays in the entrainment and vertical transport of the sediment. There is also a phase lag be•een the wall shear stress and crosssectional average velocity, but for turbulent flows it is often much smaller than the phase lag be•een the wall shear stress and turbulence properties.
A number of researchers, [1982] show a phase difference between the peak velocity and the peak sediment concentration at various heights above the bed. Like the phase lag of turbulence parameters, the phase lag of peak concentration increases with distance from the bed. The phase difference between peak concentration and peak velocity is important for the computation of suspended load. The streamwise flux of suspended sediment is equal to the product of velocity and concentration. Clearly, suspended sediment transport will be greatest if the peak sediment concentration coincides with the peak velocity. In some combined wave-current flows, phase differences between sediment concentrations and flow velocities are so large that sediment is transported in the opposite direction as the average flow velocity [Nielsen, 1988; Inman and Bowen, 1962] .
Sediment Mass Balance Equations
The species conservation equation governs the entrainment of sediment from a moveable bed. For steady flows, instantaneous parameters are usually separated into mean and random fluctuating quantities, and conservation equations are time averaged in order to separate turbulence properties from mean flow characteristics. For the unsteady flows presented herein, bed shear stress cannot be directly measured. Since high sediment concentrations obstruct near-bed velocity measurements, the bed shear stress cannot be computed from velocity profiles. An alternative method of determining bed shear stress uses pressure drop and shear stress sensor measurements on the ceiling of the duct. According to Rouse [1961] , pressure drop measurements in a wide, horizontal, rectangular duct with a smooth upper surface can be used to compute the shear stress on a bottom surface of unknown roughness [see also Schlichting, 1936 
Experiments
Two sets of experimental data are presented in this paper, both consisting of flows above a plane bed composed of loose sand. For tests in the first data set the velocity in the duct is increased from zero to a plateau velocity and is then held steady. Only measurements taken after the velocity reaches its plateau are used in the analysis. Table 1 The second data set was collected to investigate the behavior of suspended sediment in unsteady flows. The data set consists of flows in which the velocity in the duct was accelerated from zero to a peak velocity and was then decelerated back to zero. Since acceleration and deceleration rates are approximately constant, the velocity pulses in the second data set have a triangular shape. Information about the second data set is given in Table 2. Note that in Table 2 , the magnitude of R ep varies because of differences in both water temperature and sediment size. Rew (the wave Reynolds number) and A w (a dimensionless acceleration that indicates how rapidly the shear velocity changes with time) are also given in Table 2 
which gives the phase lag as a function of shear velocity acceleration and particle size. Table 2 . Time series of the centerline velocity and the sediment concentration at several heights above the bed are given in Figure 5 for tests 3a and 4b. There is an obvious time lag between peak centerline velocity and peak concentration for the test shown in Figure 5a , and time lags are greater for concentrations farther from the bed. The phase difference between centerline velocity and bed shear stress is small for all of the tests, and peak concentrations of suspended sediment also lag behind the peak bed shear stress. Figure 5a also shows that the 120 gm sand does not immediately fall out of suspension after the velocity pulse passes. The sand takes significantly longer to settle than predicted using its terminal fall velocity. The turbulence in the duct does not dissipate immediately and keeps the sediment suspended long after the average bed shear stress drops to zero. The total volume of sediment per unit area of bed that is entrained by a velocity pulse is calculated by integrating the entrainment rate over the pulse duration. Total entrainment amounts (per unit area of bed) have been calculated for each test using both predicted and measured entrainment rates; these amounts are given in Table 3 for each of the pulse tests. Considering the steep slope of the Garcia-Parker relation (shown in Figure 4) , the limited accuracy of the results given in Table 3 is not unexpected, and as suspended sediment transport relations go, (4) and (5) perform quite well.
Measured entrainment rates are higher than expected during flow deceleration, and in some tests 120/am sand remains suspended well after the average bed shear stress drops to zero. Consequently, the total predicted entrainment is less than the total measured entrainment in all of the 120/am tests.
There are two possible explanations for the high values of measured entrainment. The first explanation is that the terminal fall velocity of the sand is reduced by residual turbulence. When the fall velocity used in (12) is incorrect, entrainment rate calculations are erroneous. If fall velocity is reduced, the actual entrainment is less than the entrainment that was measured. The second explanation is that residual turbulence continues to entrain sediment even after the average bed shear stress drops to zero (experiments performed by Rouse [1939] , in which sediment was entrained by an oscillating grid, are a good example of entrainment that occurs with an average bed shear stress of zero); in this case, (4) and (5) that the fall velocity of a sphere increases in homogeneous, isotropic turbulence. Wang and Maxey predicted increases in fall velocity as high as 50%. However, Murray [1970] found that fall velocities of 2 mm spheres were reduced when subjected to grid generated turbulence and conjectured that the fall velocity of 350/xm particles could be reduced by as much as 30% in large rivers. Data collected by Ludwick and Domurat [1982] indicated that the fall velocity of 100 and 200/xm particles was not strongly influenced by turbulence. In the present case it is not clear how turbulence affects the fall velocity of the sand, but even a reduction in fall velocity of 30% cannot account for differences between measured and predicted entrainment rates [Admiraal, 1999] . Thus, during deceleration, entrainment rates predicted using (4) and (5) are low, and it is likely that residual turbulence augments entrainment rates.
Prediction of Time Lags

Phase Lags of Peak Concentration Measurements
The time lags of peak concentration after peak shear stress have been determined for all of the tests in Table 2 
The quantity on the left-hand side of (24) is the dimensionless Shields stress. Implications of (24) are demonstrated in Figures  10a and 10b . In Figure 10 , 120/xm and 580/xm sand beds are subjected to the same shear stress pulse (shown in Figure 10a ). In Figure 10b , Shields stress is given as a function of time for both sand sizes, and the protrusion-immersion boundaries defined by ( Test 3a   Test 3b  Test 3c  Test 3d  Test 3e  Test 4a  Test 4b  Test 4c   012 
In order to compute the entrainment rate at the time t, the value of u, measured at the time t -z•r is introduced into (4) and (5). Introducing a time lag does not change the shape of the entrainment rate pulse; it only changes the time at which the pulse occurs.
A quadratic was fit to the phase lag measurements so that comparisons between predicted and measured entrainment rates could be made. The curve fit is dp boundary condition the entrainment rate was specified. The Garcia-Parker relation was again used to determine the entrainment rate. The third boundary condition was the timedelayed entrainment rate. Time lags measured for each test were applied to the entrainment rate to get the time-delayed entrainment rate. Since entrainment is caused by turbulence, time delays applied to the entrainment rate were also applied to the eddy viscosity distribution. All three boundary conditions were calculated from shear stress distributions measured during the tests. The vertical velocity profile was assumed to be uniform and was set equal to the measured centerline velocity (the log law is not necessarily valid in the present set of unsteady flows). In Table 3 , estimates of Q• are given for tests 3a through 3e and the three boundary conditions. For the test conditions investigated, using an entrainment rate boundary condition instead of time-delayed entrainment rate can increase suspended load estimates by more than 15%. Using near-bed concentration instead of time-delayed entrainment rate can double suspended load estimates. When the near-bed concentration boundary condition is used, suspended load is always overpredicted, first, because the peak concentration predicted near the bed is greater than the actual concentration, and second, because the peak concentration near the bed is forced to occur at nearly the same time as peak velocity. Measurements indicate that peak concentrations occur well after the peak velocity, reducing the overall sediment load. The entrainment rate boundary condition (without the time delay) also predicts the arrival of the peak near-bed concentration prematurely. However, the entrainment rate boundary condition still works significantly better than the near-bed concentration boundary condition.
Sediment loads calculated from concentration and velocity measurements are also given in Table 3 . Differences between measured and computed loads result not only from the choice of boundary conditions but also from measurement error and inaccuracy of the Garcia-Parker relation. Thus the measurements do not always indicate which boundary condition is best. However, in cases where measured and predicted entrainment rates agree, the time-delayed entrainment rate boundary condition performs best. For instance, in test 3d the measured and predicted entrainment rates are similar, and the time-delayed entrainment boundary condition provides the best estimate of the total suspended load.
Although results given in Table 3 show the importance of choosing the appropriate near-bed boundary condition, it should be noted that the actual distribution of turbulent eddy viscosity is unknown and that delays in turbulence propagation can further reduce sediment loads. Furthermore, the assumption that eddy diffusivity and eddy viscosity are the same does not work well for predicting vertical concentration profiles of the 580/•m sand, even in steady flows [Admiraal, 1999] . Consequently, suspended load was not calculated for the 580/•m sand tests.
Advection and diffusion of the sediment takes time, resulting in delays between the peak near-bed concentration and peak concentrations higher above the bed. Phase lags of peak concentration calculated using (32) were used to determine 0 Ckc/O,1 for tests 3a through 3e. The computed gradients were plotted with the measured gradients in Figure 11 . The results shown in Figure 11 indicate that at high wave Reynolds numbers (low acceleration and high peak velocity), a quasi-steady turbulence model adequately predicts advection and diffusion times of the sediment. However, for low wave Reynolds numbers the quasi-steady model largely underpredicts the propagation time of the sediment. At low wave Reynolds numbers the eddy viscosity distribution may be significantly different than modeled. When sediment is suspended by unsteady flow pulses, peak concentrations of suspended sediment lag behind the peak shear stress. The time lag of the peak concentration increases with distance from the bed. Phase lag of the near-bed concen-
